Electronic transport properties of alkanedithiols are calculated by a first-principles method based on density functional theory and nonequilibrium Green's function formalism. At small bias, the I-V characteristics are linear and the resistances conform to the Magoga's exponential law. The calculated length-dependent decay constant ␥ which reflects the effect of internal molecular structure is in accordance with most experiments quantitatively. Also, the calculated effective contact resistance R 0 is in good agreement with the results of repeatedly measuring molecule-electrode junctions ͓B. Xu and N. Tao, Science 301, 1221 ͑2003͔͒.
Molecular electronics is a rapidly advancing field with perspectives to exceed the conventional silicon-based electronic technology. Since Aviram and Ratner proposed a molecular rectifier as the basic unit of molecular-scale circuits, 1 related researches progress very rapidly and profoundly. Experimental techniques including scanning tunneling microscopy ͑STM͒, 2 atomic force microscopy, 3 break junctions, 4 and monolayer evaporating 5 are currently available for measurement of the molecular conductance. The experiments discovered a variety of interesting effects which attract much great attention.
In recent years, the theoretical methods for calculating the molecular transport behavior in the first-principles level achieved obvious advances. [6] [7] [8] [9] [10] [11] The density functional theory ͑DFT͒ combined with the nonequilibrium Green's function technique becomes the basic theoretical tool. For long time in the field of molecular electronics, there is a serious problem about the discrepancy of two orders of magnitude between experimentally and computationally obtained values of molecular conductance, although the shapes of I-V curve are in agreement. 6 Now the discrepancy has been reduced by the improved measurements. 12, 13 Our previous firstprinciples calculation results are in good agreement with the new measured I-V curve of the molecular functional device based on three benzene rings. [12] [13] [14] [15] The fact that the new measured currents through the organic-molecule-Au systems with the improved chemically bonded contacts are much larger than the previous experimental results and the agreement between experimental measurements and theoretical calculations are significant to understand the molecular conductance.
For molecular conductance, two aspects have to be considered: coupling to contacts and the internal electronic structure of molecule. This problem is discussed by many people. [16] [17] [18] The length dependence of conductance for molecular wires at low bias obeys a theoretical exponential law: 16, 17 where G 0 is the effective contact conductance thought as the conductance maximum with L =0, depending on molecule-electrode coupling, and the lengthdependent damping factor ͑or decay constant͒ ␥ in the exponential is the characteristic of the internal structure of molecule and is very influential. This formula divides the conductance into the two aspects, which gives advantage to separately analyze the two aspects and to distinguish between the influence from the contact and that from the molecule itself. The theory is verified by recent experiment of alkanedithiols, 19 where alkanedithiols are alternately connected with different metals: Au, Ag, and Pt. Measurements of the molecular conductance show that ␥ keeps constant while G 0 changes with variation of the metallic electrode, i.e., the variation of the contact coupling. According to other reported experiments [20] [21] [22] [23] [24] [25] [26] of the alkanedithiols, the range of ␥ is comparatively small but the G 0 is dispersed broadly, which could be rationally ascribed to the difference of contacting situation between different experimental techniques. As for the first-principles computation, currently reported results of oligophenylenes are in good agreement with the experiment for the factor ␥ but not for G 0 . 27 The theoretical calculations and the experimental measurements reach agreement for the shape of the molecular current and the damping factor ␥, both of which are determined by the internal structure of molecule, while there is a discrepancy for the G 0 not only between theoretical and experimental results but also between different experiments themselves. This discrepancy is expected to be understood from the contacting and solved by the improvement of experimental technique because the contact conductance G 0 is very sensitive to the bonding between the molecule and the electrode surface. on whether the molecules are chemisorbed or physisorbed to the contact surface.
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Due to their simple and stable structures, the alkanes absorb broad interest and their electronic conductances are measured by a lot of experiments. [19] [20] [21] [22] [23] [24] [25] [26] All these experiments obtained results consistent with the exponential decay law, which could be used to analyze the contact conductance and understand the influence from the internal structure of molecule. Motivated by these experiments, we calculate the transport properties of n-alkanedithiols ͑n is the number of methylene in the alkanes͒ by the first-principles method. As an example, Fig. 1 shows the setup of alkanedithiols sandwiched by two gold electrodes. The gold electrodes are semiinfinite fcc crystal, and the Au clusters in Fig. 1 indicate part of the Au͑111͒ surface of the crystal. There are several possible positions for S adsorbed on Au͑111͒ surface: hollow, atop, and bridge. Although some groups considered the bridge site absorption, 29 many other authors found that the fcc-hollow site is energetically the most favorable one. [30] [31] [32] [33] [34] [35] [36] In our calculation, we adopt the hollow site with the S-C bond perpendicular to the Au͑111͒ surface. We select these alkanes with even number of methylenes as they could be conveniently dealt within the computation. If the n number is odd, the bonds of S-C at the two ends will be crossed and have a tilt angle with respect to the Au surface. The tilt will change the conductance of molecule, which should be avoided. 37 If the n number is even, the bonds of S-C at the two ends are parallel and can connect perpendicularly to the Au surfaces. We calculate the current-voltage ͑I-V͒ characteristics for n = 2, 4, 6, 8, 10, and 12 at low bias.
The contribution from semi-infinite gold electrodes is included through the self-energy functions ⌺ i = i g i i † , for the left ͑i =1͒ and right ͑i =2͒ lead, respectively. The contact coupling i is extracted by using DFT from the extended molecule ͑the organic molecule connected with three nearest neighbor gold atoms on both sides͒. Starting from the DFT calculation for 28 gold atoms to obtain in-plane and out-ofplane nearest-neighbor components of overlap matrix S and Fock matrix F in the bulk electrode, the two-dimensional k-space components of S and F matrices are achieved by Fourier summation. The surface Green's function ͑SGF͒ in k-space g i,k of Au lead is calculated by the recursive equation. With its k-space components obtained, the real space SGF then can be obtained by the Fourier transform. 7, 11 The density matrix is extended to include the contributions from the two electrodes, = ͐dE͓G͑f 1 ⌫ 1 + f 2 ⌫ 2 ͒G † / 2͔, with the broadening function ⌫ i = i͑⌺ i − ⌺ i † ͒, and the retarded Green's function of the molecule
2 eV and 2 = E f + 1 2 eV. The GAUSSIAN 03 ͑Ref. 38͒ is extended to realize the selfconsistent procedure for the open system. After this procedure is converged, the transmission T and current I are ob-
In the DFT calculations, B3PW91 method and LANL2DZ basis set are adopted. This self-consistent computation has an advantage of automatically including screening and charging from the contacts, which is verified by the computation performed for a chain of four Au atoms. The Au chain is absorbed to two gold electrodes with strong contact coupling. The computation obtains a quantized conductance for it. Furthermore, the effect from the internal structure of molecule is certainly contained in the computation because the DFT is essentially good at dealing with the electronic structure of molecules. So, this computation technique is expected to reflect both the contact conductance G 0 ͑or contact resistance R 0 ͒ and the damping factor ␥, which is regarded as a characteristic of the internal structure of the molecule. By Landauer-Büttiker formulation, we calculate the I-V characteristics for all the alkanedithiols. For clarity, the results are dividually plotted in two figures, Figs. 2͑a͒ and 2͑b͒. The applied bias ranges from 0 to 0.2 V with bias interval of 0.02 V. The bias should be small enough because the exponential law is only valid at low bias where only tunneling transmission occurs without resonant transmission. If the bias is held in the tunneling regime, the I-V curves will keep linear. At a given bias, the current decreases sharply when the number of methylene in alkanes increases, which is just the exponential decay law. 16, 17 Here, an other expression form of the exponential law is introduced, R = R 0 exp͑␥L͒, the reciprocal form of the conductance formula shown at the beginning of this paper. Correspondingly, the R 0 is the effective contact resistance. The resistance of the lead-moleculelead system conforms with the Magoga's exponential law, R = R 0 exp͑␥L͒. Although the measured values of the conductance damping factor ␥ are in accordance with each other, the contact resistance R 0 is a bit controversial. The measured values of R 0 in the past years dispersed in a large region. The situation is improved in recent years due to the unremitting efforts by improving the experimental techniques, for examples, the UHV low-temperature STM experiments 39 and repeatedly measuring thousands of molecule-electrode junctions. 21 The measured values of the contact resistance R 0 reduced from early level of 10 7 ⍀ 23,25,28 to recent level of 10 4 ⍀. 19, 21, 22 In Fig. 3 , our calculated value of the contact resistance R 0 is in good consonance with the result of Ref. 21 .
The consistency of the ␥ between experiments and theoretical calculations indicates that the internal structural influence of the molecules is regularly stable and the theoretical calculations can credibly include this influence. Formerly, the factor ␥ is regarded as a function of the highest occupied molecular orbital-lowest unoccupied molecular orbital ͑HOMO-LUMO͒ gap of molecules, 16 but more comprehensive studies demonstrate that it depends on the full molecule electronic structure and the level repulsion of the molecule electronic spectrum. 40, 41 No doubt, the first-principles method is natively able to calculate the full internal electronic structure of the molecule with satisfying precision, which is the reason why ␥ is consistent well with the experiments. As to the discrepancy of R 0 , it is a common problem in the molecular electronics, which we mentioned above in this paper. Why theoretical value is so different with the experimental results is still in argument, but there is a consensus that the contacting is the key role controlling the magnitude of current through molecule junction. There are some experimental results seem likely to reduce the discrepancy between the theory and experiment. 12, 13, 42 In Ref. 42 , the Au tip connected with benzene is stretched continuously. Moreover, at some stretch points a current peak appears with a value very close to theoretical result. The conductance is very sensitive to the contact coupling which is effected by some stochastic factors uncontrollable in experiment. Hence, some experiments have poor reproducibility and it is difficult to determine the contact resistance unanimously. Precise establishment of contact between molecule and metallic nanopad will allow precise measurement of contact resistance, which will help to draw a definite conclusion.
In Fig. 4 , the spectrum of transmission coefficient is plotted to provide comprehensive insight into the transmission process. Integration of this coefficient gives the net current, while the spectrum itself can tell the detail information about the transmission process. To make the comparison clear, we make two plots for n =2,4,6 and for n =6,8,10,12, respectively. It is obvious that the transmission 
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Length dependence of conductance in alkanedithiols J. Chem. Phys. 128, 044704 ͑2008͒ coefficient of the short alkane is larger than the long ones. For 2-alkane, there is many small sharp peaks in its spectrum. These small peaks, called as the metal induced gap states ͑MIGS͒, do not belong to the molecule itself and have important impact on the transport properties. 43 Because the 2-alkane is short and the coupling with Au electrode is very strong, the hybridization with Au leads is accordingly large. With the length of alkane increasing, the hybridization becomes weak and, correspondingly, the peaks of MIGS in the spectrum of transmission coefficient disappear. Then, the spectrum becomes smooth. The MIGS peaks could bring about a steplike feature in I-V curve, however, due to the fact that the bias is small enough, these peaks do not enter the bias window and the transmission coefficients in the bias windows keep smooth, which makes the I-V curves linear in the calculated bias range. In our computations the Fermi level is −5.1 eV, the bias window is from the E f −eV/ 2 to E f +eV/ 2.
At low bias, the transmission is in the tunneling regime, without contribution from the resonance transmission. For most of molecules, this regime is far from the frontal molecular levels. Even so, the magnitude of tunneling transmission coefficient in this regime can be affected by the frontal molecular levels. Sandwiched by two metal electrodes, the coupling expands the discrete molecular levels to a continuous spectrum of density of states, while a series of MIGS come out because of the hybridizations. The molecular levels are expanded to peaks with long tails, the tails of frontal molecular levels and MIGS nearby the Fermi level form the tunneling regime in the spectrum, and their magnitude and overlapping have impact on the transmission coefficient. In the tunneling regime, the tails of frontal molecular levels might be very small but the MIGS not. The MIGS depend on the length of the molecule. 43 If the molecule is short, the coupling is then very powerful, which makes the MIGS have a prominent portion in the spectrum and the broadening and tail overlapping of the MIGS are large. As a consequence, the transmission coefficient in the tunneling regime becomes large. For the alkanes, although the HOMO and LUMO are both far away from the Fermi level, the MIGS peaks are nearby the Fermi level, their tails are important to determine the transmission coefficient in the tunneling regime. The shorter the molecule length, the stronger the impact of the MIGS. For the long molecule, the impact of MIGS diminishes. Figure 2 shows that the current sharply decreases with the increase of molecule length. Correspondingly, Fig. 4 shows a sharply decrease of transmission coefficient in tunneling regime. It is the length of molecule that determines the broadening and overlapping of tails, and then, the transmission coefficients.
According to Landauer scattering theory, the molecule acts as a barrier when an electron passes through the molecule-electrode system. 44, 45 For some special molecules, the HOMO-LUMO gap is very small and the tails of HOMO and LUMO overlap largely in the regime nearby the Fermi level, which results in a large transmission coefficient and causes this regime near-resonance. On the other hand, Ref.
16 assumes that the HOMO-LUMO gap remains constant to expect an exponential increase of resistance with the length, for the damping factor is regarded as a function of the gap. However, the HOMO-LUMO gaps of some oligomers do not keep constant but decrease with the increase of the length of molecules, [46] [47] [48] which leads the heavy overlap of the tails of HOMO and LUMO levels, the large conductance, and the unusual length dependence. These molecules do not obey the exponential law even at low bias because the transmission regime is not nonresonance. Only when the HOMO and LUMO levels are far from the Fermi level, the molecule can demonstrate the exponential length dependence. Here, the n-alkanes are just this type of molecule with large and constant HOMO-LUMO gaps.
In summary, we calculate the transport properties of n-alkanes and study the length dependence of conductance by the first-principles method. The calculations describe finely the internal electronic structure of the molecule and include the contact coupling as well. Due to this advantage of the method, our calculated results for the damping factor quantitatively agree with the experiments. The calculations show that the frontal molecular levels of n-alkanes keep far away from the Fermi level, which makes the bias windows of low voltage tunneling regimes with nonresonance transmission. In this regimes, tails of frontal molecular levels and MIGS peaks are overlapped with each other to determine the transmission coefficient. The calculated contact resistance is smaller than some experimental results but consistent with other experiments, the discrepancy between these experimental and theoretical results should be ascribed to different contacting situation in different experiments. The consistency of the calculated damping factor with the experimental data suggests that this factor is exactly a parameter which reflects the influence from the internal structure of molecule. Due to the advances in the measurements of molecular conductance, achieved in the recent years by using the improved chemically bonded contacts, it is expected that the improved experiments can obtain more precise contact resistance which is undisputed and in the same order with its theoretical values for molecular wires. 
